With infrared and terahertz ellipsometry we investigated the anisotropy of the infrared active phonon modes in SrTiO 3 (110) single crystals in the tetragonal state below the so-called antiferrodistortive transition at T * = 105 K. In particular, we show that the anisotropy of the oscillator strength of the so-called R-mode, which becomes weakly infrared active below T * , is a valuable indicator for the orientation of the structural domains. Our results reveal that a mono-domain state with the tetragonal axis (c-axis) parallel to the [001] direction can be created by applying a moderate uniaxial stress of about 2.3 MPa along the [1-10] direction (with a mechanical clamp).
I. INTRODUCTION
SrTiO 3 (STO) is widely used as a substrate for growing thin films and multilayers of various complex oxides. Furthermore, the interface of STO with other insulating oxide perovskites, like LaAlO 3 (LAO), has become a subject of great interest since it was found that it can host a two-dimensional electron gas with a very high mobility 1,2 and even superconductivity 3 and ferromagnetism 4 at low temperature. These developments have renewed the interest in the structural and electronic properties of bulk STO.
With decreasing temperature, STO undergoes a series of structural phase transitions which break several symmetries 5 . The first, so-called anitferrodistortive transition at T * = 105 K from a cubic to a tetragonal symmetry involves an antiphase rotation of the neighboring TiO 6 octahedra around the c-axis, as shown in Fig.1 (a). It gives rise to a doubling of the unit cell along all three directions and a slightly larger lattice parameter in the direction of the rotation axis (c-axis) as compared to the perpendicular ones (a-axis) with a ratio of c/a ≈ 1.0015 at low temperature 6 . There are further structural transitions into an orthorhombic state around 65 K and a rhombohedral one at 37 K 7 . Below about 25
K STO enters a so-called incipient ferroelectric or quantum paraelectric state 8 for which a ferroelectric order is only prohibited by the ionic quantum fluctuations 9 . Finally, at T < 10 K it has been reported that STO can exhibit a piezoelectric response 10 .
The structural and electronic properties of STO are rather sensitive to strain and defects.
In the tetragonal state below T * = 105 K this typically results in a structural poly-domain state with different orientations of the tetragonal axis (c-axis) 11, 12 . These poly-domain structures and their microscopic imprint on the physical properties of STO 
III. EXPERIMENTAL RESULTS
In the cubic state at T > T * STO has three infrared-active transversal optical ( In the tetragonal state below T * = 105 K an additional mode becomes weakly infraredactive due to the antiphase rotation of the neighboring oxygen octahedra, as sketched in Fig. 1(a). It is the so-called R mode at 438 cm −17 that arises from the doubling of the unit cell and the subsequent back-folding of the phonon modes from the boundary (the R-point) to the center of the Brilluoin zone 11, 32 . The oscillator strength of this R-mode is proportional to the magnitude of the antiphase rotation of the TiO 6 octahedra. Furthermore, its strenght exhibits a characterisitc dependence on the polarization direction of the infrared light with respect to the tetragonal axis. It is maximal if the polarization is perpendicular to the rotation axis of the oxygen octahedra (to the tetragonal axis) and it vanishes when it is parallel. The large sensitivity of the R-mode to such structural changes has already been demonstrated in Ref. 33 .
In the following we show that this anisotropy of the oscillator strength of the R-mode can be used to determine the orientation of the tetragonal axis in STO single crystals and its variation in a structural multi-domain state. 
This model accounts for phonon modes that are asymmetric due to disorder or anharmonicity effects, as is required for a good descritpion of the phonon modes in STO 35, 36 . It contains the usual paramters, like the broadening, γ j , the resonance frequency, ω j , and the oscillator strength, S j , of the jth phonon mode. The coupling between these modes arises from the extra term iωσ j in the numerator that is subject to the condition K j=1 S j σ j = 0 which ensures that the Kramers-Kronig consistency is maintained 35 . The background term ε ∞ accounts for the frequency independent contribution from the excitations at higher energies.
The best fits are shown in Figure 2 by the solid symbols and describe the phonon modes rather well (except for a small and only weakly frequency dependent offset to the conductivity along [001] that most likely arises from a spurious reflection on the clamp). The obtained parameters for the eigenfrequency, the broadening and the oscillator strengths of the phonon modes are listed in Table I . The parameters for σ j and ε ∞ have been adopted from Ref.
37,38
and the ones for the soft-mode have been obtained from the THz data as described further below.
The farily weak splitting of the eigenfrequencies of the external mode at 170 cm −1 and the stretching mode at 545 cm [001] directions is shown in Figs. 3(e) and (f). The fair agreement between the calculated and the measured data (except for a frequency independent vertical offset of some spectra that are likely due to an incomplete suppression of the stray light signal) confirms that the soft-mode develops a sizable anisotropy below T * .
Next, we discuss an additional, sharp feature around 480 cm −1 in the IR spectra of STO (110) that becomes very pronounced in the mono-domain state at low temperature. Figure 4 shows the spectra of the ellipsometric angle Ψ of STO (110) Table   I and the corresponding phonon asymmetries and value of ε ∞ as reported in Refs. 37, 38 . For the soft mode we used a splitting of the TO mode that is somewhat smaller than the one that was reported in Ref. 34 and used in describing the THz data in Fig. 3 . Finally, Figure 5 shows the highest LO mode of STO (110) 
IV. SUMMARY
In summary, with infrared ellipsometry we studied the anisotropy of the IR-active modes in STO (110) which develops below the cubic-to-tetragonal phase transition at T * = 105 K.
We have shown that the tetragonal axis is preferentially oriented along the [001] direction. A partial orientation of the structural domains is already seen for the pristine STO (110) crystals and a relatively small stress of 2.3 MPa along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction is sufficient to induce a mono-domain state. The memory of this mono-domain state can be almost preserved after warming the sample to room temperature and cooling it again under stress-free conditions.
We have also determined the weak anistropy of the infrared-active phonon modes at T=10
K which is in agreement with the small lattice parameter ratio of c/a ≈ 1.0015. The only exception concerns the so-called R-mode at 438 cm −1 which only becomes infrared-active due to the antiphase rotation of the TiO 6 octahedra below T * = 105 K. Its oscillator strength exhibits a huge anisotropy and is maximal (zero) in the direction perpendicular (parallel)
to the rotation axis (the tetragonal axis). Table I ). 
